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ABSTRACT 
The traditional mouse enables the positioning of a cursor in a 2D plane, as well as 
interaction with binary elements on that plane (e.g., buttons, links, icons). While this basic 
functionality is sufficient for interacting with every modern computing environment, it 
makes little use of the human hand's ability to perform complex multi-directional 
movements. Devices developed to capture these multi-directional capabilities typically Lack 
the familiar form and function of the mouse. This thesis details the design and construction 
of apressure-sensitive device called the Mole. The Mole retains the familiar form and 
function of the mouse while passively measuring the magnitude of normal hand force (i.e., 
"downward" force normal to the 2D operating surface). The measurement of this force 
lends itself to the development of novel interactions, far beyond what is possible with a 
typical mouse. This thesis demonstrates two such interactions: the positioning of a cursor in 
3D space, and the simultaneous manipulation of cursor position and graphic tool 
parameters. 
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CHAPTER 1. INTRODUCTION 
Unchallenged preeminence has been both a blessing and a curse for the mouse. In 
the 30 some years since its introduction to the mainstream market, it has become virtually 
ubiquitous. Unfortunately, this ubiquity has prevented the adoption of newer, more 
advanced computer input technologies. Modern mice remain strikingly simple -reporting 
only their change in position, the state of several buttons, and the movement of a scroll 
wheel. In contrast, most other areas of computing technology have seen an exponential 
increase in speed, functionality, and sophistication. A dichotomy now exists between the 
capabilities of modern applications, and the input devices that interact with them. Some 
devices, Iike the tablet, give the user simultaneous control over additional complex 
variables, but have failed to achieve mainstream acceptance due to their cost and 
unfamiliarity. No device has succeeded in offering both adequate input complexity, and 
native familiarity. 
Even the most "advanced" modern mice are still relatively simple. In fact, it seems 
that the only upgrades to the mouse have been additional buttons, improved movement 
detection methods, and the ability to communicate wirelessly. While extra buttons make 
useful shortcuts, the signal they provide is still binary, and does not allow continuous control 
of a variable. Tablet/stylus based devices have addressed this shortcoming. State of the art 
tablets monitor several continuous parameters like pressure and tilt, but they do not offer 
the familiarity of the mouse, and are not well suited for common point-and-click or drag-
and-drop operations. Tablets are also quite expensive, with a price point proportional to the 
size of the drawing area. 
This research explores the design and construction of a device that offers a 
continuous input, Iike that of a tablet, while preserving the familiarity, form, and function of 
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a traditional mouse. Applications and interactions that might benefit from such a device 
will also be explored. 
This research reviews devices that are based on the mouse, but provide some 
additional input channels (both continuous and discrete). The conclusions drawn from this 
investigation are applied to the design of a new device called the Mole. By placing pressure 
sensors under a traditional mouse body, the Mole offers continuous control of an additional 
variable. Since the Mole is virtually identical inform to the mouse, it possesses native 
familiarity and retains all the input channels of a normal mouse (left-button, right-button, 
and scroll wheel). Upon completing construction of the device, two demonstrative 
applications are developed that highlight some of the Mole's potential uses. 
Chapter 2 includes a brief overview of input device fundamentals, and their 
taxonomies. A review of previous research and existing devices is presented in chapter 3 to 
develop a clear picture of the current state of the art. Chapter 4 describes what methods are 
applied to the design of the new device, and how those methods afford the Mole unique 
advantages over current state of the art devices. Chapter 5 provides a detailed account of 
the implementation, and demonstrates that the Mole is capable of providing continuous 
variable manipulation through the observation of pressure. Also presented in chapter 5 are 
two applications developed specifically to demonstrate how the Mole's affordances can be 
applied to real-world applications. Chapter 6 describes the result of a public demonstration 
of the device, and an analysis of user reactions. A summary of this research is presented in 
chapter 7, along with plans for future work on the Mole and its affiliated applications. 
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CHAPTER 2. BACKGROUND 
The popularity of the mouse has had an undeniably significant impact on the world 
of computing. Software developers benefit greatly from the assumed use of a standard 
input device, as most applications exhibit interface constraints and features based on the 
keyboard and mouse. It is also assumed that the mouse will be capable of performing only 
a few basic functions, typically -moving the cursor, clicking, and scrolling. Tablet based 
input devices give the user control over one or more continuous variables, like pressure and 
tilt. Some applications, typically those developed for graphic design, have exploited this 
capability by providing hooks for continuous input, letting the user continuously adjust tool 
parameters like stroke width or flow. Unfortunately, most applications lack such hooks, 
because the standard mouse is incapable of manipulating or reporting continuous input 
changes. Tablets seem the obvious device preference when desiring easy control over a 
continuous variable. Since we are well versed in pen-on-paper methods, a stylus should 
provide superior familiarity in form, function, and performance. This is not the case. As 
computers become a more ubiquitous part of our everyday lives, we find ourselves more 
and more familiar and capable with the traditional mouse. It comes as no surprise, then, 
that the mouse is preferred to the tablet for most interactions, and actually outperforms 
stylus input for common click-and-drag tasks [17,20]. No existing device successfully 
combines the benefits of mice and tablets. The mouse fails to provide any method for 
continuous input, but is far preferred to the stylus for its familiarity, ublqulty, and 
performance. A tablet lets the user manipulate a continuous variable, but is unpopular 
because it is unfamiliar and expensive. 
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2.1 Input Devices 
2.1.1 The Mouse 
A mouse has two primary functions: to provide 2D position feedback (induced by 
sliding the mouse on a flat surface), and to provide "state-change" inputs (clicking). The 
first mouse, invented by Douglas Engelbart in 1963, [27] had only one button, and provided 
position feedback using two perpendicularly placed gear wheels. This method was Later 
replaced by using a single ball to spin two optical encoders, giving the mouse 2 degrees of 
freedom on a plane. State changes were registered with a single depressible button. 
Spinning optical encoders remained the standard position detection method until the 
introduction of the "optical" mouse - a device that used a tiny camera and bright reflected 
light to detect how much it had moved. Now, even that device has been replaced by "laser" 
mice that use invisible laser light to detect movement much more accurately, on any surface. 
Surprisingly little has changed when it comes to what non-positional information the mouse 
reports. The first commercial mouse had only one button. Over time, two button mice 
became standard, and today there are mice with as many buttons as humans have fingers. 
Aside from additional buttons and improved motion detection methods, the only notable 
change to the mouse has been the addition of a scroll wheel. Typically placed between the 
two primary buttons, the scroll wheel facilitates the common and repetitive task of scrolling 
content that does not fit entirely on the screen. The popularity of the mouse has smothered 
innovation in the input device industry, as any new device not matching its likeness and 
functionality faces inherent adoption difficulties. 
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Figure 1. Photographs of Apple's first commercial mouse [27I (left) with only one button, 
contrasted with Logitech's latest 10 button laser wireless mouse (right). 
2.1.2 The Tablet 
Graphics tablets break with the traditional form factor paradigm of the mouse, and 
instead operate under the principals of familiar pen-on-paper methods. A graphics tablet is 
also a relatively simple device. A drawing area detects several properties of the stylus, 
including its position, pressure, and in more recent models, tilt (the angle at which the stylus 
is held above the drawing area). The position of the stylus cannot be detected outside of the 
drawing area so the effective workspace is limited to the size of the tablet. For this reason, 
tablets are available in a number of proportionally priced sizes. The stylus itself typically 
has one or more buttons along its barrel which facilitate traditional "right click" and "left 
click" state changes. Aside from being able to detect a number of physical and geographical 
properties in the stylus, graphics tablets have remained arguably unchanged for many 
years. 
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~~. 
Figure 2. Wacom Intuos3 graphics [34] tablets in 3 different sizes. 
2.2 Input Device Taxonomy 
Buxton [7] was the first to describe the taxonomy of input devices based on 
qualitative differences. Card et al. [9] further expand Buxton's taxonomy to include a larger 
number of modern input devices. The following figure plots the taxonomy of the mouse 
and the tablet according to Card et al.'s guidelines. 
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Figure 3. Tablet and Mouse taxonomies plotted on Card et al.'s revision of Buxton's original 
guidelines [91. 
In reviewing this taxonomy, one can observe the gaps between device capabilities, 
and infer possible designs for entirely new devices. we see that the traditional mouse does 
not have any continuous input dimensions other than relative movements in the X and Y 
directions, while the tablet exhibits a continuous input dimension by way of pressuYe in the Z 
direction. In chapter 5 this figure is revised to include the devices reviewed in this paper, as 
well as the object of this research itself, the Mole. 
2.3 Research Objective 
The objective of the research presented herein is to design a device that provides a 
natural method for manipulating a continuous variable, and retains the familiarity of the 
traditional mouse in both form and function. This research shows that such a device has a 
S 
high probability of gaining acceptance among typically incompatible demographics (e.g. 
novice home computer users vs. expert computer specialists). 
This research describes the design and prototype of a device that reflects these 
considerations by modifying an existing mouse (thereby retaining the familiar form and 
function of a traditional mouse) to detect the amount of pressure a user applies to it 
(providing the user with a natural method for manipulating a continuous variable). This 
paper also provides two interaction cases in which the new device delivers functionality not 
possible with a traditional mouse. 
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CHAPTER 3. LITERATURE REVIEW 
3.1 Existing Devices 
3.1.1 Pop-Through Buttons 
Zeleznik, Miller, and Forsberg [24] increased the number of transmittable 
states in a traditional mouse with "pop through tactile push buttons" . These buttons 
functioned almost identically to normal mouse buttons, but had two depressed states 
instead of one. When the user applied pressure to a button, it would "click", and 
when the pressure was increased, the button would eventually "pop" down, 
effectively providing an additional button state. To implement the additional states 
in software, Zeleznik et al. mapped light pressure to common operations, and firm 
pressure to less common operations. An informal evaluation of their device 
revealed that people found the extra states quite helpful in many applications. 
While implementing pop-through buttons increases the number of transmittable 
states, the new states eannot occur in parallel with previous states ("click" and 
"pop" states can not be transmitted simultaneously) so the bandwidth of the device is 
not increased. Another drawback of this particular implementation is that there is 
no way to initiate the new "pop" state without ft'rst triggering the "click" state, so 
any action tied to the "pop" state must be preceded by whatever action is tied to the 
"click" state. Users of this device had a hard time moving from the "pop" state back 
10 
to the "click" state, reporting that it was easy to overshoot the "click" state, and fully 
release the button unintentionally. 
;F 
Figure 4. Example ofpop-through button [24] operation and implementation. 
3.1.2 Touch-Sensing Input Devices 
Hinckley and Sinclair [11] developed a similar method for increasing the number of 
transmittable states in a mouse. Unlike the work of Zeleznik et al., Hinckley et al. do 
increase the operational bandwidth of the mouse, since the additional states can be 
manipulated in sync with the preexisting states. Hinckley and Sinclair added an extra state 
to both a scroll mouse and a trackball (naming them the Scrolling TouchlVlouse and 
TouchTrackball, respectively) by "using unobtrusive capacitance sensors to detect contact 
from the user's hand without requiring pressure or mechanical actuation of a switch". 
Hinckley et aI. state the following as the reason for their modifications: 
"During interaction with physical objects, pets or other human beings, touch 
(physical contact) constitutes an extremely significant event. Yet computer 
input devices, for the most part, are indifferent to human contact in the sense 
that making physical contact, maintaining contact, or breaking contact 
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provokes no reaction whatsoever from most software. As such, touch-
sensing input devices offer many novel interaction possibilities." 
Hinckley et al. make the following observations on the unique affordances their new 
device offers over both the mouse and the tablet: 
"Touch sensors allow some properties that have normally only been 
associated with touch tablets to be integrated with other input devices such 
as the mouse. Thus, the touch-sensing mouse provides a set of design 
properties that neither traditional mice nor traditional touch tablets can 
match." 
While the addition of capacitive touch sensors does provide these devices with an 
extra state, the input is still binary (it can only be entirely on or off, much like the 
aforementioned pop-through buttons). Hinckley and Sinclair were able to provide several 
application modifications that their subjects found useful when using the new device. They 
state, "Touching the mouse causes the tool bars to fade in quickly, while releasing the mouse 
causes the tool bars to fade out gradually. The end result is that when the user is not 
actively using the toolbars, the screen appears simpler and less cluttered, while the display 
real estate allocated to the document itself is maximized." It's interesting to note that this 
feature could just as easily be driven by an observed continuous manipulation, Like the 
amount of pressure the user puts on the mouse. In such a scenario, the "touch" state would 
simply be activated when some arbitrarily low amount of pressure was applied. While the 
aforementioned devices successfully increase the number of transmittable states, none of the 
additional states represents a continuous input. Some mouse-like devices have been 
developed that include continuous inputs, but as is covered in the following sections, there 
are drawbacks to each existing implementation. 
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Figure 5. Pictures of the TouchTrackball (left) and TouchMouse (right) [11]. The capacitive touch 
sensor is clearly visible on the TouchMouse. 
3.1.3 Measuring Grasp Force 
Sato, Kitajima, and Fukui [21] placed a force sensor on the side of the mouse body 
(where the thumb rests) to measure how tightly the user grasped it. They used 
measurement of that pressure to continuously adjust the mouse's adaptive gain. The 
relationship between the amount of movement in the physical mouse, and the amount of 
movement observed in the cursor, is called the Mickey Ratio. Sato et aI. adjusted this ratio 
in real-time in an effort to make cursor positioning faster and more precise. By positioning 
the pressure sensor on the side of the mouse, Sato et al. measured only forces applied 
horizontally, completely ignoring any vertical pressure from the fingers or palm. Later 
research by Akamatsu and MacKenzie [ 1 ] would confirm that users predictably vary the 
amount of pressure they apply when using both mice and touchpads. In their experiment, 
they mounted each individual device (a mouse and a touchpad) on apressure-sensitive 
device, and measured applied forces. While Sato et al. were able to confirm the benefits of 
adjusting the Mickey Ratio in real-time based on grasping pressure, it's likely that their 
study could have benefit from a device that measured not only horizontal "grasping" force, 
but also vertical "pushing" force. Sato et al. also failed to apply the grasping force to any 
other applications, using it only to adjust the Mickey Ratio. Yoshida, Yoshino, and 
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Munemori [23] used a virtually identical device (with a pressure sensor on the side of the 
mouse) to build an emotion-driven chatting application. While their limited 
implementation was not well received by the subjects of their study, their research provides 
an example of another way in which the pressure on the mouse can be used to affect 
applications. One commercial product, Apple's Mighty Mouse [26] uses a very similar 
design, but differs in that lateral grasping force is not continuously measured. Instead, the 
user triggers a binary state change when the grasping pressure passes a predefined 
threshold, causing it to act exactly like the other binary buttons. 
Figure 6. Apple's MightyMouse [26]. The slightly darker semicircle is the "squeezable" button. 
3.1.4 Pressure-Sensitive Buttons 
Ikehara and Crosby [12] took a different approach to providing additional feedback 
methods by designing a mouse that could measure the pressure applied to the buttons 
themselves. By measuring how firmly the user clicked, they were able to identify which of 
six subjects was operating the mouse. After only three clicks, their program was able to 
correctly identify the user 95% of the time. While Ikehara et al. do not use button pressure 
in any way other than to identify the user, their device does provide manipulation of a 
continuous variable (via pressure) in an entirely traditional form factor. Microsoft's Xbox 
Controller S [29] and Sony's Dual Sltock2 [33] game controllers capitalize on this idea by 
providing a number of analog buttons, each sensitive to 2561evels of pressure. A device 
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with pressure-sensitive buttons suffers from the same shortcoming as the previously 
mentioned TouchMouse, insofar that the user cannot apply pressure without also changing 
the state of the button. 
Figure 7. Microsoft's Game Controller S [29] (left) and Sony's Dual Shock2 [33] (right). Each device 
has buttons that detect 256 discrete levels of pressure. 
3.1.5 Computer Mouse Designed to Measure Finger Forces During 
Operation 
In an effort to evaluate the "physical stresses placed on the hands and arms as a 
result of mouse operation" and the injuries associated with these stresses, Johnson, Tal, 
Smutz and Rempel [15] instrumented a mouse with strain gauges capable of measuring 
"pinch forces between the thumb and fingers when operating the mouse" and "finger forces 
needed to actuate the button". Since the force detecting apparatus can measure both how 
hard the user is squeezing (referred to in the paper as the "pinch force") and how hard the 
user pushes down on the buttons, pressure information can be manipulated and observed 
independently of the buttons. Johnson et al. do not investigate any potential applications of 
their device, and give only a brief explanation of its aetuai construction. 
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3.1.6 The Rockin' Mouse 
Balakrishnan, Baudei, Kurtenback, and Fitzmaurice [3] developed a device they call 
the "Rockin'Mouse", which they describe as "...a four degree-of-freedom input device that 
has the same shape as a regular mouse except that the bottom of the Rockin'Mouse is 
rounded so that it can be tilted. This tilting can be used to control two extra degrees of 
freedom, thus making it suitable for manipulation in 3D environments." The Rockin'Mouse 
was developed specifically for use as a 3D manipulation device, and Balakrishnan et al. 
point out that while multiple degree-of-freedom devices have been developed for this 
purpose, the traditional mouse is still used more often than any of these specialty devices. 
They present the following as a possible explanation for this phenomenon: 
"A key contributing factor to the mouse's preeminence is that most users of 
3D graphics applications do not work exclusively in 3D; rather, in a typical 
scenario a user is likely to frequently switch between 2D and 3D applications. 
In addition, even 3D applications usually require a substantial amount of 2D 
interaction —manipulating 3D objects in 2D views as well as the usual 2D 
tasks of selecting items from menus, typing text, etc. While the mouse is 
indisputably a good device for 2D interactions, it performs only adequately 
in 3D tasks. Practically all existing 3D devices, however, perform poorly in 
2D tasks when compared to the mouse. Therefore, it comes as no surprise 
that users pick the mouse as their all-purpose input device. They are clearly 
prepared to sacrifice peak 3D performance to avoid having to constantly 
switch between the mouse and a device better suited to 3D interaction. This 
Ieads us to the obvious conclusion that what is needed is an input device that 
performs reasonably well for both 2D and 3D tasks." 
Balakrishnan et al. also discuss what has made the mouse so successful, observing 
that the mouse is more stable and induces less fatigue than 3D input devices like Logitech's 
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3D / 6D mouse [28], which require the user to suspend and maneuver their arm in space, as 
opposed to resting it on a 2D plane (e.g. a table). They also note that "the mouse is usually 
in a stable state where it is ready to be used and does not have to be "disturbed" to acquire 
or release the device. The position of the stylus and 3D devices, however, will be disturbed 
when a user picks the device up or puts it down." Finally, Balakrishnan et al. address the 
familiarity of the mouse, stating: 
"Our final point has to do with the nature of human beings. We humans like 
to deal with things we're familiar with, and we are extremely familiar with 
the form and function of the mouse. Indeed, an entire generation has grown 
up using it. We believe that a device that radically differs from the mouse 
will have to deliver correspondingly high performance improvements in 
order to gain widespread acceptance. Unfortunately, given our high level of 
skill with the mouse, it is unlikely that any new device could facilitate 
performance improvements of the required magnitude. Instead, an 
incremental change in designed leading to an evolution in the quality of 
interaction will likely result in a more successful input device." 
This last point is perhaps the most important one. In order for a new device to be 
accepted, it must provide additional value, while retaining the basic form-factor of the 
mouse. While the Rockin'Mouse does a sufficient job of providing an additional continuous 
input, it has several shortcomings. For one, the device relies on a Wacom Graphics Tablet 
[34] to detect its rotation. As we have established, any device that hopes to gain widespread 
acceptance should be as close to the mouse in form and function as possible. Depending on 
a graphics tablet or other external equipment to detect continuous input (like rotation, in the 
case of the Rockin'Mouse) violates that requirement. Also, the Rockin'Mouse was 
developed specifically for 3D manipulation, and while it is well suited for such tasks, its 
utility in other applications is as yet undetermined. Additionally, users are required to 
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perform an action they are not accustomed to (rocking the mouse front to back, and side to 
side), making the device feel less familiar. 
+r' 3+%> is i3'" a.;t,,,t-.,~"~>y~^~~?c %r3.3 ~~__ . .,c .. 
Figure 8. Balakrishnan et al.'s Rockin' Mouse [3]. 
3.1.7 3l~connexion SpaceMouse 
While devices developed specifically for 3D manipulations do offer some interesting 
ways of providing continuous inputs and extra degrees of freedom, they do not have 
widespread appeal. One such device, 3DConnexion's SpaceMouse (formerly known as 
Logitech's "1Vlagellan ") [25] is a 6 DOF input device that requires the user to manipulate an 
elastic puck shaped object in order to affect a 3D parameters. The SpaceMouse is used in 
conjunction with a traditional mouse or tablet, and is operated by the non-dominant hand. 
While this device maybe useful in specialized 3D applications, it is unlikely that it will ever 
gain mainstream acceptance -due both to its relative unfamiliarity, and requisite 
independent positioning device. 
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Figure 9.3DConnexion's SpaceMouse [25I. 
3.1.8 Logitech 3D Mouse 
Logitech developed another 6 DOF input device, one that appears more like a 
traditional mouse, aptly named 3D Mouse [28]. The 3D Mouse uses sonar to determine the 
position of a mouse-like manipulator. It is unique in that it can be used to provide position 
and orientation information when used as a free floating tracker, but can also be used as a 
traditional 2D mouse when placed on a tabletop. 
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Figure 10. Logitech's 3D Mouse [28]. 
3.2 Summary 
Existing devices have failed to provide users with a natural method for manipulating 
a continuous variable while retaining the familiarity of a traditional mouse. These failures 
have led directly to mainstream rejection of such devices, and accordingly, a lack of 
application support for continuously varied inputs. This research directly addresses the 
shortcomings of these existing devices and offers a solution that provides additional 
functionality while retaining familiarity. 
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CHAPTER 4. METHODOLOGY 
4.1 Design Choices 
The paramount design consideration in this research is that of familiarity. As 
previously mentioned, in order for a new input device to be widely accepted, it must 
resemble the mouse in as many ways as possible. This research follows a rather strict 
adherence to this guideline, so much so that the newly designed device is almost exactly the 
same as a traditional 2 button scroll mouse. In f act, were the user unaware that this new 
device provides additional information to the computer, they would observe virtually no 
difference between the new device and a traditional mouse. Keeping the basic form of the 
mouse not only makes the device more familiar, it also allows it to outperform alternative 
input methods like tablets and trackballs [9,17]. Adhering to these strict familiarity 
constrains greatly limits the number and variety of modification possibilities. For example, 
no extra buttons could be added to provide alternative input, because that interaction would 
not typically occur with a traditional mouse. Also, the actual physical form of the device 
could not deviate too greatly from that of a mouse, even if that deviation would facilitate an 
additional input channel. 
As it happens, continuous input occurs naturally when operating a mouse in much 
the same way as it does with a stylus on a tablet, through pressure. When observing how a 
typical user interacts with a mouse, one finds that the mouse body is grasped on the sides, 
and the ball or palm of the hand rests on top. The specific placement of the hand on a 
mouse differs with the size and shape of both the hand and the mouse, but the described 
grasp can be considered a common and natural one. Taking this pose into consideration, we 
find that the user ` s hand already applies continuous pressure to the mouse. Not only do 
users put continuous pressure on the mouse, they also modulate that pressure in 
congruence with their intended actions [1]. These observations, in conjunction with those 
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made by Hinckley and Sinclair [11] on the importance of touch, make clear the choice to 
exploit pressure as a continuous input variable. Exploiting pressure could allow the Mole to 
perform additional operations without suffering a decrease in performance, do to the 
engagement of additional large muscle groups (namely the brachioradialis in the forearm 
and latissimus dorsi in the back) [4]. 
4.2 Current Implementations of Pressure as Input 
For graphic artists, tablet-based input offers two great advantages over the mouse. 
The use of a stylus makes drawing (and painting to some extent) on the computer feel 
almost as natural as it does with traditional tools. This effect alone is enough to make the 
tablet a natural choice for graphic artists. Another important affordance offered by the 
tablet is the ability to continuously measure the pressure the user applies with the stylus. 
Pressure variance is of great value to graphic artists, as it allows them to modify attributes of 
their drawing tool in real-time, without interrupting the drawing operation itself. Since 
stylus-based input has proved to provide inferior performance when compared to the 
mouse, tablets remain a fairly specialized device used almost solely by the graphic arts 
industry. 
4.3 Adding Pressure Sensitivity to a Mouse 
4.3.1 Where to Measure Pressure 
We have established why we should develop a mouse sensitive to pressure, now we 
establish the how. Pressure detection appears in existing devices in one of two ways. Either 
the pressure sensors are integrated with the buttons themselves, or they are placed 
somewhere outside the button mechanics. By integrating pressure sensitivity with the 
buttons themselves, one is able to modify application attributes accordingly. For example, if 
playing a game in which clicking a button instructs the in-game character to move forward, 
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the force with which the user pushes that button can be used to control the rate of 
movement (e.g. push the button lightly to walk, push it harder to run). The problem with so 
tightly integrating the pressure sensor with buttons is that pressure can not be applied 
without triggering a state change in the buttons, and vice versa. 
Divorcing the pressure sensors from the button mechanics gives the user 
simultaneous control over both input methods, and allows pressure to be applied and 
measured independently of button state changes. Tablets operate in much the same way by 
measuring applied pressure with the tip of the stylus, and detecting state changes with 
buttons along the body of the stylus. The difficulty, then, is in deciding where to place the 
pressure sensors on a mouse. While one could certainly design a device with not one, but 
several pressure-sensitive areas, the focus of the research is on providing only one extra 
input dimension, so the sensor must be placed in a solitary location. We have observed how 
the hand rests on a mouse, with the thumb, ring, and pinkie fingers grasping the sides of the 
mouse, and the ball of the hand resting on top. The buttons on the mouse are, naturally, 
located near the front, where they are easily manipulated by the hand's index and middle 
fingers. Sato et aI. [21 ] and Yoshita et aI. [23] placed a pressure sensor on the side of the 
mouse, and measured the amount of grasping force the user applied. While, for the 
purposes of their studies, this was a reasonable location for the pressure sensor, this research 
favors an implementation similar to that of Johnson et al. [15]. Since the user already 
applies pressure to the frontmost region of the mouse, and our aim is to measure naturally 
occurring forces, placing pressure sensors under the front of the mouse is a calculated and 
logical choice. Detecting pressure in this location also lets us take advantage of a natural 
human tendency to push harder on the buttons when performing certain operations [21]. 
4.3.2 Choosing Pressure Sensors 
Though only the amount of pressure applied to the device is to be measured (and not 
the movement of the device itself, prior research [2] indicates that some degree of haptic 
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feedback can improve performance. If a fully static pressure sensor was used (e.g. a 
common thin film resistive strain gauge), the device would not provide any physical 
feedback (i.e. it would not move when pressed, even when pressed in excess). The 
uncertainty, then, is in how much feedback should be provided. If the device moved 
significantly when pressed, it would feel unnatural when used for common operations, like 
clicking and dragging. It so happens that the Phidget Force Sensor [31] adequately meets 
our requirements, in that it accurately detects 14 N of force (more than the human hand can 
comfortably exert while maintaining some degree of control [18]) and has a relatively small 
displacement when pressure is applied (the knob moves approximately 3mm when fully 
depressed). In addition, the knob quickly returns to its original position when pressure is 
not being applied, so no additional normalizing force is required. 
Figure 11. A Phidget Force Sensor 
The Phidget force sensor produces an analog signal between 0 and +5V, based on the 
applied force. For the purposes of this research, another Phidget device, the Phidget 
Interface Kit [32], was used to convert the analog signal to a number between 0 and 1000. 
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This number is picked up by the computer via USB, and is programatically broadcast on a 
local network port where it can be requested by other applications. 
4.3.3 Mechanical Requirements 
Mice have only a few basic physical components. The body is a plastic shell with 
two parts -atop and a bottom. The topmost shell has separate flexible areas near the fingers 
(designed to actuate the contact switches on the base). The base of the shell is flat and 
smooth, so as to rest and slide on a table top. The circuitry consists of several dual state 
contact switches, and a movement sensor. Since Phidget force sensors have 3mm of travel, 
they need to be integrated with the mouse in such a way that the entire top shell can move. 
If one were to place the pressure sensor between the top and bottom shell pieces, the buttons 
would cease to function, as the flexible pads on the top shell would not make contact with 
the switches on the circuit board mounted to the base. If, in an attempt to solve this 
problem, the entire mouse is kept in tact, and the front end is placed on top of the pressure 
sensor, the optical movement sensor would stop functioning because it would no longer be 
in contact with the table top. The solution, then, is to physically separate the clicking 
mechanisms and the movement sensor, allowing each to move and operate independently. 
4.3.4 Modifying the mouse body 
Microsoft's Intellimouse Explorer 3.0 [30] was an ideal choice for the proposed 
modifications, as its circuit board is physically divided into two parts, a trait not shared by 
most mice. One board has buttons and a scroll wheel, while the other has optics used for 
motion detection. The separation of these two boards allowed the top shell and button 
components to be elevated, while leaving the optical sensor resting on the table top (see 
figures 12 and 13 below). 
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Figure 12. [Bottom View] The base of the mouse was modified to physically separate the optical 
sensor (left section) from the buttons (right section). 
Figure 13. [Side View] The base of the mouse was modified to physically separate the optical 
sensor (left section) from the buttons (right section). 
By placing Phidget force sensors under the mouse body (directly below the left and 
right buttons) a natural, stable method for detecting pressure was obtained, as show in 
figures 14 and 15 below. 
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Figure 14. Phidget force sensors are placed in the gap under the buttons. 
Figure 15. The base plate (C) contains a window (B) through which the optical sensor operates. 
Phidget Force Sensors (A) are fixed to the base plate, and the entire assembly is mounted to the 
bottom of the modified mouse. 
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The final prototype of the Mole and its supporting hardware are shown in figures 16 
and 17 below. 
Figure 16. The Mole 
Figure 17. The Mole (left) and Phidget Interface Kit (right). 
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4.4 Summary 
In creating apressure-sensitive mouse, a functional prototype has been developed 
for a new breed of computer input device -one that retains the form and function of the 
traditional mouse, and additionally affords the user natural access to a continuous input. 
Such a device does not currently exist, and so it is the responsibility of this research to prove 
its utility, and inspire innovative implementations in a broad range of applications and 
interfaces. 
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CHAPTER 5. APPLICATIONS 
5.1 Application Prototypes 
Two applications were created to test the capabilities of the Mole. These applications 
were developed specifically to test the Mole's ability to perform well typical scenarios for 
both traditional mice, and tablets. While the Mole is certainly capable of performing a 
number of novel interactions (some of which are covered in chapter 7) this research focused 
on two of the most common operations -dragging and dropping icons between windows (a 
task at which the mouse excels) and drawing a line with a continuously varied stroke width 
(a task at which the tablet excels). 
5.1.1 Interaction Prototype 1: Painting while Manipulating Tool Attributes 
The painting application tests the Mole's ability to provide a natural interface for 
continuously varying the attribute of a drawing tool, a demonstration similarly used by 
Buxton [8] to show the advantages of continuous pressure detection. In most professional 
graphics applications, hooks are provided for graphics tablets that allow the user to control 
variables by varying the pressure they exert through a stylus. A mouse is unable to provide 
the requisite continuous signal, while the Mole (much like a tablet) provides this signal 
natively. In this application, the user clicks and holds the left mouse button to initiate the 
drawing tool. As the user drags the cursor around the screen (where "dragging" refers to 
the act of moving the mouse while simultaneously holding down a button) to apply "paint". 
The paint appears as an ellipse centered around the cursor. The size and color of the ellipse 
are manipulated by the magnitude of the hand pressure detected the Mole. While the 
attributes of these variations can be controlled programatically, the minimum and maximum 
ellipse diameters were set to 0 and 125 pixels respectively for demonstrative purposes. The 
color of the ellipse (also controlled by pressure) varies continuously between HST (hue, 
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saturation, brightness) values of (0,100,100) and (100,100,0}. This color scheme is a f amiliar 
one, and provides intuitive feedback as to the relative amount of pressure the user is 
applying. Figure 18, below, shows the result of a simple drawing operation in which the 
Mole is first clicked, then dragged from Ieft to right while the amount of pressure is 
continuously increased. 
Figure 18. A screenshot of the painting application shows the changes in the drawing tool as it is 
dragged from left to right, and the pressure on the Mole is continuously increased. 
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More complex drawing/painting operations occur just as intuitive, as illustrated by 
figure 19. 
Figure 19. An illustration of a complex painting operation. The Mole permits continuous changes 
in both pressure and position, giving the user simultaneous manipulation over the tool's location 
and parameters (like color and shape). 
5.1.2 Interaction Prototype 2: A Novel Technique for Window Management 
As the Mole is virtually identical to a traditional mouse, no modification is made to 
the way common operations like dragging and dropping occur, so there is no learning 
curve. For this reason, the Mole offers no advantages or disadvantages over a mouse when 
its pressure sensing ability is neglected. If, on the other hand, pressure input is used to 
enhance operations typical for the mouse, many novel interactions are possible. One of the 
most common tasks is clicking-and-dragging objects from one window or application to 
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another, making window management a significantly important interaction [6,16]. While 
desktop interactions are typically considered two dimensional, pseudo 3D interaction is 
possible with relatively little modification to existing methodologies. Windows and 
applications are already stacked in the workspace, each occluding the space behind it. 
Toolbars also overlay the workspace, blocking valuable screen real-estate. Under the current 
2D interaction paradigm, when a user wants to perform a basic operation, say, moving a file 
from one window to another, they go through a great deal of work to arrange the windows 
accordingly. First, the destination window must be moved and resized such that a specific 
target area is visible. Then the origin window must be brought into focus and appropriately 
arranged, again without occluding the destination window. When these conditions are met, 
the file can be moved from one window to the other. These window manipulations are 
grossly inefficient, as they are necessary only for satisfying the circumstances under which 
the operation can take place. Several creative solutions to the window management 
problem have been developed [5,13], but each suffers from the restrictions of the traditional 
mouse. 
The Mole's pressure sensitivity lets the user take advantage of the natural connection 
between the forces placed on the mouse, and the pseudo three dimensional positions of the 
windows. When a user causes lateral motion on a mouse by sliding it across a table top, the 
cursor mirrors that movement on the display. It follows that since the tabletop provides a 
physical representation of the display, any force applied normal to the tabletop should 
correspond with a change in cursor position normal to the display. In such a scenario, the 
depth of the workspace becomes accessible simply by applying appropriate pressure. To 
demonstrate this, an application has been developed that masks windows according to the 
pressure applied. For example, imagine a typical scenario in which one has a number of 
windows open at once. Each window is comfortably sized and occludes most or even all 
other windows. With a mouse, a number of window manipulations are necessary to drag a 
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file from one window to another. With the Mole, the user clicks the file as they normally 
would, and then applies downward pressure (normal to the tabletop). When the amount of 
pressure passes a programatically defined threshold, the frontmost window is masked in a 
circular area around the cursor, revealing the window below. At this juncture, the user has 
exactly three choices. To "undo" the masking effect and return focus to the topmost 
window, the user applies less pressure, and the mask is cleared. If the newly visible 
window is the intended destination, the user can drop the file and it will stick, as expected, 
to the new window. If the destination window is still occluded, the user applies more 
pressure, and the second window is also masked, to expose the area "under" it. This 
process is repeated until either the destination window is reached, or the number of 
maskable windows is exhausted and the user lands on the "desktop". Since the Mole is able 
to detect changes in pressure without affecting button states, the operation is repeatable in 
reverse. That is, the user can mask windows by applying pressure, and then retrieve a file 
from deeper in the stack by clicking on it. Figure 20 illustrates the application. 
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Figure 20. Four stages of adrag-and-drop operation. l) The user is presented with a simple desktop 
scenario. 2) The user has clicked the butterfly icon and is dragging it, while also applying enough 
pressure to mask the topmost window, revealing the "Jump" window below. 3) The user pushes 
hard on the Mole, masking alI windows and exposing the desktop. 4) The user has dropped the 
butterfly icon on the desktop, and returned to the frontmost window by fully reducing the 
pressure applied to the Mole. 
5.2 Summary 
These two applications show that the Mole performs well in both tablet-typical and 
mouse-typical situations. Furthermore, the Mole encourages the development of novel 
interactions with more common elements (like windows). Since the input dimensions of the 
Mole have been established, its taxonomy can be plotted alongside the other devices 
reviewed in this paper, as show in figure 21. 
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Figure 21. A revision of the taxonomy chart appearing in Figure 3. Several devices have been 
added to the chart, including the Rockin' Mouse (B), Logitech's 3D Mouse (C), Ikehara and 
Crosby's mouse with pressure-sensitive buttons (E), and 3DConnexion's Space Mouse (G). As 
before, solid lines represent a physical coupling (i.e. one physical device is responsible for more 
than one input dimension), while dotted lines represent a physical separation. By observing the 
taxonomies of the tablet (A), the mouse (D), and the Mole (F), we see that the Mole and mouse 
have identical movement and button (linear Z) dimensions, but the Mole also includes a 
decoupled pressure input in the linear Z dimension, Like the tablet. 
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CHAPTER 6. RESULTS 
On April 12th, 2006, the Mole was accessible for public demonstration during Iowa 
State University's HCI Forum -Designing Interaction. For 5 hours, visitors were invited to 
try the device themselves, and approximately 30 people used the two applications covered 
in chapter 5. Participants varied in age from 4 to 60 years. Roughly half of the participants 
were male, the other half female. The subjects' expertise ranged from novice (a 4 year old 
boy) to expert (58 year old pioneer in HCI and best-selling author, Ray Kurzweil). 
Participants were given simple instructions on the operation of each program, and then left 
to explore the applications as they saw fit. Users were also encouraged to use the drawing 
application first, as the connection between how hard they pushed, and the degree to which 
the program responded, was immediately evident. 
6.1 Participant Reactions 
6.1.1 Reactions to the Painting Application 
Reactions to the Mole were overwhelmingly positive. Everyone was able to use the 
drawing application, and most were observed to thoroughly enjoy the abilities that the new 
device afforded them. Many participants were visibly surprised at how naturally they 
could manipulate the application using hand pressure. Users started painting (by clicking 
and dragging) as they normally would, creating a trail of uniformly sized dots on the screen. 
When informed that the size and color of the painting tool would change when they 
"pushed harder", participants did so immediately, and the tool changed shape and color 
accordingly. Some people literally jumped in their seats when this happened, as one could 
assume they were unaccustomed to a mouse-like device manipulating multiple parameters 
simultaneously, and without much additional effort. Many users found it difficult to 
determine exactly how hard they could press on the Mole, since the application lacked 
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feedback indicative of the relation between the current pressure, and the maximum 
allowable pressure. Providing real-time, continuous feedback is essential for improving 
performance in applications that utilize pressure [ 18,19,20] . 
6.1.2 Reactions to the Drag-and-Drop Application 
When participants were observed to be comfortable with the painting application, 
they moved on to the drag-and-drop application. This application allowed the user to click, 
drag, and drop 4 icons around the screen. Three windows were placed over a familiar 
desktop image, and users were encouraged to drag an icon from one window to another. 
Each window had a fixed position, and a fixed size, so the only way to complete the task 
was by using pressure to mask the windows as described in chapter 5. While most users 
were able to complete the operation eventually, consistent difficulties with certain aspects of 
the application were observed. 
Participants found it difficult to apply exactly the right amount of pressure required 
to remain on a specific window after it had been reached. Studies [10,22] confirm that while 
the human hand may be physically capable of very high resolution movements, the number 
of conceptually attainable and discrete levels of pressure is comparably small. Ramos et al. 
[20] experimentally found that "...dividing the pressure range into 6 levels or less produces 
the best performance, while increasing the number of divisions drastically degrades 
performance." Since the drag-and-drop application divided the pressure range into only 4 
levels, the divisions in the range may have been sub-optimally placed. Additionally, it is 
likely that visual feedback indicative of pressure magnitude would considerably increase 
the likelihood of a user reaching and maintaining discrete pressure levels. 
Participants also had trouble dropping the icon on a specific target window, even 
after they managed to "stall" on the desired level. When the user reached the desired 
window (or the desktop) they would, predictably, release the mouse button to drop the 
icon. Unfortunately, doing so significantly reduced the amount of pressure they were 
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applying to the body of the Mole, so the icon landed on some higher, undesired level. 
Typically the decrease in pressure was so dramatic that the user inadvertently dropped the 
icon on the topmost window. This indicated a failing in both the device, and the 
application. The mouse modified to create the Mole (Microsoft's Intellimouse Explorer 3.0 
[30]) has relatively shallow side supports for the thumb, ring, and pinky fingers. In order 
for users to apply continuous pressure while simultaneously releasing the mouse button, 
they had to either firmly squeeze the device while pushing down, or apply pressure from 
the top with the palm of the hand. Neither of these solutions provided an acceptably 
natural experience, and while users were able to work through these solutions after some 
experimenting, it was clear that the device would benefit from a physical modification. 
Such a modification is reviewed in chapter 7. A programatic solution to this particular 
problem is addressed by Ramos et al. [20], albeit under alternative motivations (Ramos et al. 
were looking for a way to simulate button-down events, whereas this research aims to 
correctly identify button-up events). Ramos et al. found that they could reliably identify a 
"selection event" by looking for a period of dramatic pressure reduction (an event they label 
"quick release"). A similar method could be adopted for the drag-and-drop application, and 
may illicit a more predictable programatic response. 
6.2 Summary 
The Mole sueceeded in providing users with a way to manipulate a continuous 
variable while retaining almost absolute device familiarity. Despite minor shortcomings, 
reactions to the Mole and its prototype applications were largely enthusiastic. After using 
the Mole, a number of participants made comments similar to "oh duh, it makes so much 
sense!", reinforcing the potential utility and acceptance of such a device. One participant 
was so taken with the Mole that they hugged the device's creator. Perhaps most 
surprisingly, the Mole's usefulness was evident to absolutely everyone that tried it, with 
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comments ranging from "weeeee!" by a 4 year old boy (who used the painting application 
until his dad made him leave) to, "that's very cool, you should talk to somebody about that'° 
by HCI expert Ray Kurzweil. The public demonstration provided strong evidence that this 
device has strong mainstream appeal. 
Figure 22. Ray Kurzweil (left) shakes hands with Jake Ingman (right), after evaluating the Mole. 
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CHAPTER 7. CONCLUSIONS AND FUTURE WORK 
This research has investigated the shortcomings in modern input devices, as they 
apply to the manipulation of continuous variables. While several researchers have 
attempted to detect and utilize pressure as a continuous input, none of these devices has 
garnered mainstream appeal. Other devices, Like those designed specifically for 3D 
manipulation, are useful in specialized applications but remain unattractive to the majority 
of computer users due to their high cost and steep learning curve. Tablets let users 
continuously manipulate a variable, but are outperformed by the mouse for simple frequent 
operations like dragging and dropping. The Mole, through its pressure sensitivity, and 
remarkable similarity to a traditional mouse, provides users with natural control over a 
continuous variable with little or no adjustment to their pre-existing methodologies. Since 
devices offering continuous input are not typical, application developers do not bother with 
interface or application features that could utilize them. If the public demonstration of the 
Mole is any indication, such a device would be quickly and enthusiastically adopted by a 
wide variety of users. 
Many improvements could be made to the Mole. The pressure sensors are fairly 
generic, and replacing them with more precise (less noisy) versions may improve 
performance. Also, because of the way that the Mole is held and manipulated, the current 
placement of the pressure sensors may not be ideal. If, for example, the sensor was closer to 
the center of the mouse (under the palm), it would be easier for a user to apply pressure. 
The body of the Mole could also be modified to address the grasping problems observed in 
chapter 6. Adding deeper impressions or support platforms to the sides of the device might 
help the user apply pressure without also pressing the buttons. The Phidget pressure 
sensors have approximately 3mm of travel, and while this amount proved sufficient, 
performance improvements may result from increasing the amount of deflection. Aside 
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from physical device improvements, many applications and interface models can be built 
around the Mole. Some progress has already been made on this front [19,20], but that work 
has not had the benefit of a mouse-based device like the Mole. I am particularly interested 
in the potential 3D manipulation capabilities of the Mole. Since the device provides a 
method for controlling the "depth" of the cursor, it could prove quite useful in 3D modeling 
applications, games and similar environments. Even basic 3D manipulations currently 
require several sustained viewports, since the traditional mouse can only operate in one 2D 
plane at a time. With the Mole, the cursor can be moved freely through any 3D space. Real-
time zooming is another area in which the Mole may prove invaluable. Using pressure to 
control the zoom level [ 19], a user can easily zoom in and out of a workspace (be it a map, 
model, or drawing) while still manipulating the objects in it. As stated by Jacob et aI. [14], 
"Zooming and panning, taken together, involve three degrees of freedom. 
The most common design uses a mouse or trackball for two-dimensional 
panning and a separate control for zooming. we claim that a user typically 
does not really think of zooming or panning operations separably, but things 
rather of integral operations like "focus in on that area over there." The space 
is thus Euclidean, ... therefore, making the user do the two separately violates 
perceptual compatibility. It would be more natural to permit a user to make a 
gesture that performs the overall operation he or she had in mind, using an 
integral three-dimensional input device." 
The Mole is exactly the type of device that Jacob et al. describe. If the Mole (or a 
device Like it) is desired by a large enough audience, application developers are more likely 
to build in features that utilize continuous variable manipulations. Tablets and other 
specialized devices are not popular or prevalent enough for developers to take notice, and 
our predisposition for familiar devices (like the mouse} makes us hesitant to try anything 
new. Perhaps the Mole, with its unique combination of capability and familiarity, can act as 
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a kind of "missing link" between the traditional mouse, and continuous input devices like 
the tablet. 
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